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Abstract 
Low-dispersion phase shifters are key components for electrically large phased-array 
radar and communication systems. Unlike true-time-delay phase shifters with linear 
dispersion, low-dispersion phase shifters can be designed by switching between 
right-handed (low-pass) and left-handed (high-pass) states to achieve a constant phase 
shift over a wide bandwidth. However, the implementation of low-dispersion phase 
shifters with MEMS switches has been challenging. The designs to date suffer from 
either high insertion loss or high dispersion. Most important, they all occupy a large area 
and use a large number of MEMS switches, which negatively impact the yield and 
reliability, especially in view of the relatively immature RF MEMS technology.  
This dissertation studies design, implementation, characterization and modeling of 
novel metamaterial-based low-dispersion multi-bit phase shifters that use 
single-pole-single-throw MEMS capacitive switches to switch between right-handed and 
left-handed states for a specified phase shift. Three-dimensional finite-element 
electromagnetic simulation was used to design the basic unit cells. Each phase shifter unit 
cell is based on a coplanar slow-wave structure with defected ground and uses two 
MEMS switches in series and parallel configurations. In this dissertation, for the first 
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time, we enhanced the maximum achievable phase shift of metamaterial-based MEMS 
phase shifter unit cell from 45° to 180°.  
Thanks to our novel 180° unit cell design, for the first time, the number of required 
MEMS switches for multi-bit phase shifter was reduced to two times of bits count such 
that a 3-bit phase shifter requires only six MEMS switches.  For 2-bit and 3-bit phase 
shifters fabricated on a 600-µm-thick sapphire substrate, a relatively flat phase shift was 
obtained across the band of 21.5‒24.5 GHz with a root-mean-square phase error of less 
than 14°. Across the same frequency band, presented 2-bit and 3-bit phase shifters have 
less than 2.7 dB and 3.4 dB insertion loss, respectively.  
Accurate modeling and electromagnetic simulations were performed to characterize 
the insertion loss of the presented phase shifters. The loss is mainly due to replacing gold 
for copper during fabrication as well as having lossy substrate. Furthermore, there is extra 
mismatch loss associated with the non-flat membrane as well as radiation loss. This can 
be further reduced by optimizing the MEMS switch and the coplanar waveguide. The 
present design principle appears to be sound and can lead to phase shifters with high 
performance, yield and reliability with low cost for electrically large phased-array 
antennas. 
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Chapter 1 Introduction 
Controlling events has been a dream for human being throughout the history of 
mankind. Wireless control was pioneered by Nikola Tesla throughout 1890s [1]. The 
wireless control started by single and simple antennas and nowadays, simple antennas 
evolve into antenna arrays. Among different types of antenna arrays, phased array 
antennas are very important in which the beam can be steered electronically to point in 
any direction over a wide angle in front of the array, without physically moving the 
antenna. Phased array antennas have many advantages over traditional antenna concepts, 
including fast, reliable electronic beam steering, a compact volume profile, and graceful 
degradation with device failures. 
Beam steering is very crucial for applications like tracking an object or short-range 
communication system to increase the quality of the communication. This steering can be 
“mechanical” to change the positions of the antennas or “electrical” to change the angle 
of the main beam with phase shifters. Mechanical beam steering is simple but slower and 
noisier than the electrical beam steering. Both mechanical and electrical beam steering 
techniques can be used depending on the requirements of the application. For 
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applications like tracking a fast object or daily life communication systems, fast beam 
steering is required. That is why electrical beam steering with phase shifters is preferred 
for these applications.  
Phased-array multi-function radar and communication systems are ideal for 
unmanned and micro air vehicles that possess challenging requirements for size, weight, 
power consumption and cost. Whether a radar or communication system can meet such 
challenging requirements is critically dependent on the design of not only the antenna, 
but also key components such as phase shifters and transmit/receive electronics that are 
required to drive individual antenna elements. For example, conventional phased-array 
systems use one phase shifter and one transmit/receive electronic module to drive each 
antenna element. The phase shifter is placed before the power amplifier to reduce its 
burden. Since transmit/receive electronic modules are the most costly components of a 
phase-array system, it is too expensive to be deployed in most unmanned and micro air 
vehicles. However, recent advances in high-power gallium-nitride semiconductor 
technology allow one transmit/receive electronic module to drive the combination of 
several phase shifters and antenna elements, if and only if the phase shifters have 
sufficiently low loss so that they can be placed after the electronic module (see Fig. 1-1)  
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[2]. In turn, this will allow the phase shifter to be integrated with the antenna on low-loss, 
low-cost insulators such as ceramics or plastics (as opposed to expensive semiconductors) 
for compact, light and conformal arrays that are ideally suited for aerospace platforms 
[3]. 
1.1 Phase Shifter Background 
Phase shifters are two-port passive microwave devices that allow adjustable 
transmission phase angle (phase of S21) of the incoming RF signal at the output port. Both 
the input and output ports should be perfectly impedance matched to result, ideally, in 
    
                  (a)                                         (b) 
Fig. 1-1  Block diagram of a low-cost phased array in which a transmit/receive electronic module drives 
several integrated phase shifters and antenna elements [2]. 
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zero attenuation of the outgoing signal and to obtain the best performance. Four 
important design criteria of a phase shifter are insertion loss, signal amplitude across 
states, reciprocity and phase flatness. Ideally, phase shifters provide low insertion loss in 
all phase states. While the loss of a phase shifter is often overcome using an amplifier 
stage, lower insertion loss phase shifters require less amplification and lower power to 
overcome the losses. The second important characteristic is phase shifters have equal 
amplitude for all phase states. Many systems using phase shifters must not experience 
amplitude changes in signal level as phase states are changed. The third important 
characteristic is that most phase shifters are reciprocal networks. This means they work 
effectively on signals passing through them in either direction. These three characteristics 
are used to describe the electrical performance of phase shifters. The fourth characteristic 
is whether they provide flat phase versus frequency, or true time delay [4]-[8].  
Early on, phase shifting of the RF signal was obtained by mechanical adjustment of 
motors, which exhibited robust construction, consumed immense space, and were prone 
to aging and mechanical wear and tear. With the advent of microtechnology, however, 
mechanical adjustments were gradually replaced by electronic components such as PIN 
diodes, FET switches, and ferrite-type components, which could address all these issues 
7 
 
and, in addition, enhanced phase shift accuracy. The most important application of phase 
shifters is in radar and communication systems where they form an integral component in 
phased-array radar systems. Phased-array radars comprise an array of radiating elements 
that allow the radiated beam to be directed through desired angles in space. This beam 
scanning can be electronically controlled by varying the phase shift of multiple phase 
shifters connected in the feed network of each antenna element. Therefore, the number of 
phase-shift elements required for beam-scanning operations, occupy relatively less space 
and are easily integrable in the form of monolithic microwave ICs (MMICs).  
1.2 Various Electronic Implementations of Phase Shifters  
As stated in the above section, electronic phase shifters can be implemented with 
different electronic switch technologies such as PIN diodes, FET switches, and 
ferrite-type components. Table 1-1 compares the varied performances exhibited by PIN 
diodes, FET switches, ferrite-based devices, MMIC-based switches, and RF 
MEMS-based switching elements [9]. RF MEMS-based devices are reported to exhibit 
low-loss performance up to terahertz frequency ranges, thus aiding in the removal of 
quite a few amplifier stages commonly employed in standard radar modules. 
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Ferrite-based devices exhibit moderate switching speed (~a few µs), low dc power 
consumption, and compatibility for MMIC integration. However, higher cost, fabrication 
Table 1-1  A Performance Comparison of Various Developing Phase Shifter Components 
Parameters PIN Diode FET Ferrite MMIC RF MEMS 
Weight (OZ) Light (0.5-1) Light (<1) Heavy (1-9) Light (~ 
0.01) 
Light 
Size (mm2)  Small (1–5) Small (0.1) Large (~ cm) Small (2–3) Small 
Cost  Low Low Very high Low High 
Fabrication 
complexity 
Commercially 
available 
Commercially 
available 
Complex in 
realization 
Low  
complexity 
Low  
complexity 
High-frequency 
operation 
L- to Q-band L- to X-band L- to W-band L- to C-band L-band to 
submm 
Voltage (V)  ±3–5 3–50 n/a 2–5 20–80 
Current (mA) 3–20 0 10–100 0.15-1 0 
Switching time 
(μs)  
0.2-0.8 0.001-0.1 1-20 0.025-0.1 1-300 
DC power 
consumption 
(mW) 
5–100 0.05–0.1 10–50 W 0.05–0.1 0.05–0.1 
Insertion loss 
@1 GHz (dB) 
0.3–1.2 0.4–2.5 0.5–1.5 0.8–2 0.05–0.2 
Isolation @1 
GHz (dB) 
20 20–40 40 40 >40 
Power-handling 
(W) 
~kW pulse; 
~200 W CW 
<10 >100 <1 <1 
Figure-of-merit 
(GHz)* 
1,500–2,000 300–400 n/a n/a >3,000 
*Figure-of-merit (FOM) calculation: - 1/(2πRonCoff), where, Ron = on-state resistance and Coff = 
off-state capacitance. CW: continuous wave. 
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complexity, and frequency limitations have curtailed their use in wireless 
communications and rendered them impractical for mobile satellite communication 
devices. Unlike ferrites, semiconductor phase shifters using PIN diodes and FETs are 
inexpensive, smaller, and commercially available in packaged and ready-to-use forms. 
However, their applications are limited because of the significant insertion loss incurred 
at higher frequency ranges and their poor power-handling capability. PIN-diode phase 
shifters consume more dc power (3–10 mW per diode) than their FET-based equivalents 
but provide low-loss performance at X-band. While FET switches may have lower power 
handling, PIN diodes are known to handle multikillowatt power levels in pulsed-mode 
operation in radars. The advantage of FET-based phase shifters is that they consume 
virtually zero dc power and can promote on-chip integration with low noise, thereby 
reducing the expense associated with subsystem assembling in phased-array radar 
systems. However, FET-based designs introduce a significant amount of loss in the front 
end, around 4–6 dB at 12–18 GHz [10], [11] and 8–9 dB at 35 GHz for higher bit designs 
[12], [13]. 
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1.3 RF MEMS Phase Shifters 
Based on the comparisons in Table 1-1, we can infer that RF MEMS devices, in 
general, outperform conventional semiconductor-based modules. Therefore, the new 
technology of RF MEMS used for the development of microwave and millimeter-wave 
circuits can replace the semiconductor switching elements currently employed in various 
application areas, including: phased-array radar systems. A typical phased-array radar 
system consists of three major components: 1) the antenna array, 2) the phase shifter 
modules, and 3) a feed network or a power divider network. The radar detects a target by 
scanning the field of view with a directive beam. Scanning is done electronically, through 
shifting the beam of an antenna array by means of phase shifter modules. RF MEMS 
phase shifters promote electronic antenna beamscanning ability, which offers low-loss 
performance, light weight, and an exceedingly low cost compared to an entire antenna 
system being physically rotated by means of mechanical motors.  
The advantages offered by RF MEMS technology can be briefly summarized as 
follows [11]-[13], [14]: 
1) low-loss performance at high frequency ranges, 2) enhanced isolation, 3) wide-band 
performance, 4) minimal dc power consumption (when the switch is in the OFF state), 5) 
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high linearity, 6) high power-handling capacity, 7) low parasitic effects. RF MEMS-based 
switches provide low-loss performance in phase shifters over a wide range of frequencies 
(10–120 GHz). The worst-case insertion loss of the present state-of-the-art five-bit 
MEMS phase shifters is -1 dB at 10–35 GHz, which represents a 5–6 dB improvement 
over contemporary on-wafer designs using FET switches or PIN diodes[15]. This, in turn, 
results in a 10–12dB improvement (2-way) in phased-array radar systems, and so several 
amplifier stages can be eliminated in the radar transmit/receive module as shown in Fig. 
1-1, rendering dc power reduction of 20–100 mW per element within the X- to V-band 
frequency ranges [15]. In addition, MEMS switches can be fabricated directly with the 
antenna element on ceramic, quartz, glass, or high-resistivity silicon substrates, 
potentially resulting in relatively low-cost phased arrays, especially in millimeter-wave 
reflect-array systems. The switching of MEMS switches is slow, on the order of 1–20 μs, 
which allows them to be used in virtually all systems except for fast airborne or 
transmit/receive applications. The present state-of-the art reports show that the lifetime of 
RF MEMS capacitive switches has exceeded 100 billion cycles [16] without failure, 
which suggests the suitability of RF MEMS-based devices in airborne, satellite, and 
communication application areas. 
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1.4 RF MEMS Phase Shifter Implementations 
 
Fig. 1-2 depicts the most common phase shifter implementations by RF MEMS 
switches. The switched-line implementation involves switching between two 
transmission line sections of unequal lengths to introduce the desired amount of phase 
shift [14]. The basic idea governing the operation of a loaded-line phase shifter [17][19]  
is to load a transmission line with two different reactive impedance networks. A central 
 
Fig. 1-2  The schematic layouts of (a) switched-line, (b) loaded-line, (c) reflection, and (d) 
distributed-line RF MEMS phase shifter design implementations. SPDT: single-pole double-throw. 
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line segment connecting the two networks may be utilized as a matching network to 
maintain input and output impedances close to 50 Ω [14].  
In contrast to the previously described switched-line and loaded-line phase shifter 
implementations, reflection phase shifters use 3-dB hybrid couplers as one of their major 
components. The reflection-type N-bit phase shifter can be implemented by two different 
techniques employing a succession (say, “N”) of MEMS series or shunt switches on a 
transmission line. Such a phase shifter results in narrow bandwidth output for an N-bit 
design and is dependent on the phase delay [20].  
Distributed-line—or, more precisely, distributed MEMS transmission line 
(DMTL)—phase shifters are by far the most popular of all RF MEMS-based phase 
shifters. Their operating principle is based on the concept of periodically loading a 
transmission line, i.e., a CPW or microstrip line, by passive components such as switched 
capacitors or varactors. These varactors are realized by mechanical bridge/beam-like 
structures permanently anchored at one or more terminations (cantilever or fixed beam 
type) with the ground planes of chosen transmission line networks. Such periodic 
structures exhibit slow wave-behavior (vp << c, vp = phase velocity, c = speed of light in a 
vacuum) characteristics. These types of circuits are often referred to as synthetic line, 
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slow wave, or distributed transmission line phase shifters [9]. 
1.5 Metamaterial-based Phase Shifter Design 
A metamaterial proposed by Victor Veselago is an engineered material which have a 
property that is not found in nature [21]. A media with metamaterial characteristics can be 
obtained by developing circuits which, under certain conditions, model metamaterial 
properties. Using different lattice structures or periodic repetition of unit cells, different 
types of two-dimensional metamaterials have been suggested [22]. Recent advances in 
metamaterials allow, for the first time, non-dispersive phase shifters to be realized, which 
may greatly simplify the operation of frequency-agile and broadband-modulated 
phased-array radar and communications systems. Conventional true-time-delay phase 
shifters are dispersive, so that their phases typically vary linearly with frequency. By 
judiciously combining right-handed natural materials and left-handed metamaterials with 
different dispersion characteristics, a phase shifter can be constructed with a constant 
phase shift across a wide bandwidth [23]. 
As shown in Fig. 1-3(a), dispersion is a natural phenomenon where the phase of a 
normal (right-handed) transmission line increases with increasing 
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frequency. Alternatively, the absolute magnitude of phase for left-handed transmission 
lines decreases with increasing frequency; the phase increases (becomes less negative) in 
a relative sense with increasing frequency. Thus, when using a phase shifter to switch 
between right- and left-handed modes, the resulting phase shift can be constant over a 
wide bandwidth.  
Fig. 1-3(b) illustrates a composite right/left-handed (CRLH) transmission line 
[24]-[25]. The right-handed transmission line resembles a distributed low-pass filter of 
          
                (a)                (b) 
 
     
  (c)                                               (d) 
 
Fig. 1-3  (a) Opposite dispersion characteristics of right- and left-handed transmission lines, (b) 
composite right-/left-handed (CRLH) transmission line, (c) switchable CRLH transmission line, and (d) 
dual CRLH transmission line. 
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series inductors (L) and shunt capacitors (C); the left-handed transmission line resembles 
a distributed high-pass filter of series Cs and shunt Ls. Therefore, the CRLH structure 
behaves like a right- and left-handed transmission line at low and high frequencies, 
respectively. Fig. 1-3 (c) shows that two switches can be added so that the CRLH 
transmission line can switch between right- and left-handed modes at the same frequency, 
although such a switchable CRLH transmission line tends to be bulky. Fig. 1-3(d) shows 
that three fixed inductors and three variable capacitors can form a dual CRLH 
transmission line in a more compact manner [26]. When the series capacitance is small 
and the shunt capacitances are large, the transmission line is right-handed. When the 
series capacitance is large and the shunt capacitances are small, the transmission line is 
left-handed. Such a dual CRLH transmission line can be used to realize non-dispersive 
phase shifters that are compact and low loss.  
CRLH devices have been demonstrated in the literature, such as leaky-wave 
antennas [27], and phased shifters for series-fed network of antenna arrays [28]-[30], or 
compact dual-band couplers [31]. However, most of these designs are either narrowband 
designs based on L-C resonances or bulky layouts based on surface-mount components. 
One of the most common designs for compact low-dispersion phase shifters is based 
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on high/low-pass LC filters to create insertion phase advances (with high-pass) and 
delays (with low-pass) [32]. The main difference between true-time-delay and 
low-dispersion phase shifters is that the first one possesses linear dispersion while the 
second one can be designed to achieve a constant phase shift over a wide bandwidth in 
mm-wave frequencies by switching between low-pass and high-pass states [33]-[35].  
Micro-electromechanical (MEM) capacitive switches [36], as variable capacitors can 
be monolithically integrated in slow-wave structures to form dual CRLH transmission 
line, thereby realizing low-dispersion phased shifters that are compact, lightweight, low 
cost and low power consumption [37]-[44]. Conventional diode- or transistor-based 4-bit 
phase shifters typically have 5-10 dB loss in the Ka-band. The present design together 
with previous RF MEMS phase shifter designs show that replacing the diode or transistor 
switches with MEMS switches, phase shifters can have 1-3 dB loss in the Ka-band.  
Further innovation can be done by tightly wrapping a slow-wave structure around a 
small number of closely spaced MEMS switches and by incorporating a defected ground 
structure in some of the MEMS switches. The additional degrees of freedom afforded by 
the MEMS switches allow the slow-wave structure to be impedance matched over a wide 
frequency band. These innovations will make the phase shifters even more compact, 
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lower loss, and lower cost, in addition to having a constant phase shift across a wide 
bandwidth.  
However, the implementation of low-dispersion phase shifters with 
micro-electromechanical systems (MEMS) switches has been challenging. The designs to 
date are either too lossy to be competitive to purely electronic phase shifters [48] or 
dispersive [33], [49]. Particularly, they all occupy a large area and use a large number of 
MEMS switches, which negatively impact the yield, especially because of the relatively 
immature MEMS fabrication and reliability. 
1.6 Organization of the Dissertation 
After introducing phase shifters and associated significant topics in Chapter 1, the 
compact, low-dispersion, metamaterial-based MEMS phase shifter design and simulation 
are discussed in Chapter 2, where simulation helped to optimize the circuit performance 
in terms of insertion loss and RMS phase error. Following the simulation, Chapter 3 
presents the initial measured results of the fabricated MEMS phase shifter circuit with 
real MEMS switches. All designed switches, unit cells and multi-bit phase shifters have 
been characterized experimentally. After characterizing the design, experimental 
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demonstration of MEMS phase shifter with faux switches (switches with membrane 
deposited in actuated state) is presented in Chapter 4, where the source of extra insertion 
loss has been experimentally examined. Finally, the conclusions of this dissertation and 
recommendations for future research are presented in Chapter 5.  
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Chapter 2 Design of Metamaterial-based MEMS Phase Shifter 
The most critical aspect in design of the low-loss digital MEMS phase shifter is to 
increase the phase shift of the most significant bit (MSB) to 180° while limiting its 
insertion loss. While low dispersion phase shifters have been designed using PIN diodes 
several decades ago [1], their implementation using micro-electromechanical systems 
(MEMS) capacitive switches is rather recent [2]-[3]. However, the implementation of 
low-dispersion phase shifters with MEMS switches has been challenging. The designs to 
date are either too lossy to be competitive to purely electronic phase shifters [2] or 
dispersive [3][5]. Particularly, because of their limited MSB phase shift (45°), they all 
occupy a large area and use a large number of MEMS switches, which negatively impact 
the yield, especially because of the relatively immature MEMS fabrication and reliability. 
The novelty of the present design of metamaterial-based MEMS phase shiter lies in a 4X 
increase of the phase shift of MSB to 180° using only two MEMS switches so a 3-bit 
phase shifter could be realized by using only six MEMS switches[6]-[7]. This not only 
shrinks the circuit footprint but also reduces the loss and improves the yield. Moreover, 
this design is based on a temperature independent MEMS switch which uses geometrical 
approach to overcome the thermal and residual stress in the membrane [8]-[11].  
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In this chapter, we will first briefly go through the principles of the CRLH 
transmission line and low-dispersion phase shifter. Then we will introduce the 
temperature independent switch that we have developed. Following switch introduction 
and simulation results, we will introduce the novel phase shifter unit cell and it’s circuit 
model. After that we will also show how the previously designed unit cells with smaller 
phase shifts were adapted in to our design. Finally, the simulation results of the cascaded 
multi-bit phase shifters with 2, 3 and 4 unit cells will be presented, where optimization of 
the whole circuit will be explored to minimize the coupling between neighboring unit 
cells. 
2.1 Right-Handed, Left-Handed and CRLH Transmission Lines   
Practical transmission lines (microstrip, CPW etc.) are homogenous transmission 
media. The theory of operation for these transmission lines can be explained using 
distributed equivalent circuits that are obtained by cascading a large number of cells 
(such that the length of a cell becomes much shorter in comparison to the wavelength) 
[12]-[14]. Fig. 2-1(a) and 2-1(b) show the equivalent circuits of a loss-less unit cell for 
RH-TL and LH-TL, respectively. In these circuits, LR, CR and LL, CL are the distributed 
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per-unit length inductance and capacitance for RH-TL and LH-TL respectively. The 
propagation constant and the characteristic impedance of a TL are given by:  
      jYZ    and  
 
 
,
Y
Z
Z0


  (2-1a,b) 
respectively, where Z(ω) and Y(ω) are the per-unit length impedance of the series branch 
and the admittance of the parallel branch in Fig. 2-1(a) and Fig. 2-1(b),  is the 
attenuation constant and β is the phase constant. In the case of Fig. 2-1(a) and Fig. 2-1(b) 
where the line is loss-less  = 0, the propagation constant is pure imaginary, while the 
impedance is pure real. From Fig. 2-1(a), for RH-TL we can write:  
   RLjZ     and    .CjY R   (2-2 a,b) 
Plugging equation (2-2) in equation (2-1) gives: 
 RRTHRH CL    and  .C
L
Z
R
R
TLRH,0   (2-3 a,b)  
LRΔx 
CRΔx RH-TL 
Δx 
    
CL /Δx 
LL /Δx LH-TL 
Δx 
  
                  (a)                             (b)   
Fig. 2-1  Equivalent circuits with distributed elements, for a cell of (a) RH-TL and (b) LH-TL. 
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Similarly, from Fig. 2-1(b), for LH-TL we can write: 
  
LCj
1
Z

    and    .
Lj
1
Y
L
   (2-4 a,b) 
Plugging equation (2-4) in equation (2-1) gives:  
 
LL
THLH
CL
1

    and  .
C
L
Z
L
L
TLLH,0   (2-5 a,b) 
The equations (2-3 a) and (2-5 a) are the dispersion equations for RH-TL and LH-TL, 
respectively. The qualitative graphic representation of these equations is given in Fig. 
2-2. It is evident from Fig. 2-2 that the phase velocity, 


pV  is positive for RH-TL 
and negative for LH-TL. The group velocity, 





1
Vg , is positive for both RH-TL and 
LH-TL since the dispersion slope is the same for both. Therefore, the energy transport is, 
from generator to load in both cases, but since the phase velocity is negative for LH-TL, 
  
β
ω
0
 
Fig. 2-2  Graphic representation of the dispersion equations for lossless RH-TL and LH-TL. 
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the wave is propagated backwards (from load to generator). 
The pure LH structure as shown in Fig. 2-1(b) is not practically possible because of 
unavoidable RH parasitics. Therefore, a CRLH structure is the most general form of a 
structure with LH behavior. The equivalent circuit of a loss-less CRLH-TL is a 
combination of the equivalent circuits for RH-TL and LH-TL as shown in Fig. 2-3. Like 
RH-TL and LH-TL, Δx must be small enough compared to the wavelength. From Fig. 
2-3, for loss-less CRLH-TL we can write:   
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  (2-6 a,b) 
Plugging equation (2-6) in equation (2-1 a) and  = 0 (lossless circuit) gives:  
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where  
  
CL /Δx 
Δx 
LRΔx 
CRΔx LL /Δx CRLH-TL 
 
Fig. 2-3  The distributed equivalent circuit for a cell of CRLH-TL. 
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For  2,1   , the phase constant,  , is an imaginary number, therefore the 
propagation constant,  , is a real number, which means that the signal on the line is 
attenuated. Therefore, for  2,1    the circuit behaves as a band-stop filter. If 
21 
   then there is no stop-band. The circuit with 21     is called an unbalanced 
circuit, while the circuit with 21     is called a balanced circuit. By considering the 
equations (2-8), we get that the circuit is balanced, i.e. 21    , when: 
 .CLCL RLLR   (2-9) 
In this case, we represent the frequencies 
1
 and 2  with a new frequency called 0  
which is derived as  
 .
CLCL
1
CL
1
CL
1
4
RLLRRLLR
0   (2-10) 
From the equations (2-7) and (2-10), for the balanced circuit, 0  at 0 . The 
dispersion equations (2-7) shows that for 
1
   (or 0  , for the balanced circuit), 
the line behaves like a LH-TL, while for 2   (or 0  , for the balanced circuit), 
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the line behaves as a RH-TL. The qualitative graphic representations of the dispersion 
equation (2-7), for the unbalanced and balanced circuits, are shown in Fig. 2-4(a) and Fig. 
2-4(b), respectively. 
The characteristic impedance of the unbalanced CRLH-TL is obtained by plugging 
equation (2-6 a,b) in equation (2-1 b) as:  
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 (2-11) 
Applying equation (2-9) in equation (2-11) results in the characteristic impedance of the 
balanced CRLH-TL as:  
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Z   (2-12) 
or, with the values (2-3 b) and (2-5 b), as 
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                      (a)                                     (b)     
Fig. 2-4  Graphic representation of the dispersion equations for loss-less CRLH-TL, for (a) 
unbalanced and (b) balanced cases. 
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 .ZZZ TLRH,0TLLH,0TLCRLH,0    (2-13) 
According to equation (2-12) the impedance matching conditions can be easily fulfilled 
for a balanced CRLH-TL over a wide frequency range. For the balanced circuit, plugging 
equation (2-9) in equation (2-7), leads to:  
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  (2-14) 
From the above equation, it can be noticed that for 0  , 0TLCRLH  , while for 
0  , 0TLCRLH  , where 0  is given in (2-10). Using (2-3 a) and (2-5 a), the 
dispersion equation (2-14) can be written as follows:  
 .TLLHTLRHTLCRLH     (2-15) 
From (2-13) and (2-15), the equivalent circuit for a balanced CRLH-TL can be drawn by 
connecting in cascade the equivalent circuits for RH-TL and LH-TL, given in Fig. 2-1(a) 
and Fig. 2-1(b). 
On the other hand, to show that the CRLH-TL is a metamaterial, we can use the 
analogy between Maxwell equations and the dispersion equations in (2-1) to show that 
the CRLH-TL indeed has negative permittivity and permeability. A homogenous 
medium, characterized by ε and μ (usually complex values, but real for lossless media), 
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has the phase constant, β, and the characteristic impedance, Z0, as:  
     and  ,Z0


  (2-16) 
respectively. From (2-16 a,b) and (2-1 a,b), for a lossless medium ( = 0), we get:  
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   (2-17) 
For a homogenous medium which may be modeled by a RH-TL equivalent circuit, 
inserting the equations (2-2 a,b) in (2-17 a,b), we get:  
 RC   and  .LR  (2-18) 
For a homogenous medium which may be modeled by a LH-TL equivalent circuit, 
inserting the equations (2-4 a,b) in (2-17 a,b), we get:  
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   (2-19) 
Likewise, for a homogenous medium, which may be modeled by a CRLH-TL equivalent 
circuit, inserting the equations (2-6 a,b) in (2-17 a,b), we get the following result:  
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2R 
   (2-20) 
By analyzing the equations (2-18 a,b) and (2-19 a,b) it is useful to observe that ε and μ 
are positive for RH-TL and negative for a LH-TL, respectively. The equations (2-18 a,b) 
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and (2-19 a,b) are particular cases of the equations (2-20 a,b), for high enough 
frequencies, respectively for low enough frequencies. The values of ε and μ for 
CRLH-TL can take either positive or negative values, depending on the frequency. The 
following conclusions can be drawn by analyzing the relations (2-20 a,b) and (2-8 a,b):  
 if   
1
  ,  then  0   and  0  (2-21)  
 if   2  ,  then  0   and  0  (2-22) 
if    21 ,   ,  then  
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   (2-23) 
where 
1
  and 
2
  are given in (2-8 a,b). For the case when the circuit is balanced, if 
021
    (see equation (2-10)), the following equations can be obtained:  
 if   0  ,  then  0   and  0  (2-24)  
 if   0  ,  then  0   and  .0  (2-25) 
The propagation medium is called metamaterial, if 0  and 0 , inequalities which 
are valid for low enough frequencies - see (2-21) for unbalanced CRLH-TL and (2-24) 
for balanced CRLH-TL. 
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2.2 Design Principle of MEMS Metamaterial-Based Phase Shifter  
In most of MEMS phase shifters [15]-[24], the phase shift is achieved by turning on 
the capacitive switches, which increases unit-length capacitance, C of the line without 
significantly affecting its unit-length inductance L. This results in higher phase constant 
LC   but lower characteristic impedance 
C
L
Z  , where   is the angular 
frequency. Therefore, it is challenging for capacitively loaded MEMS phase shifters to 
maintain impedance match in both through and delayed states. 
A phase shifter consisting of cascadable transmission line sections was reported in 
[25], using five MEMS ohmic switches for each section, its capacitance and inductance 
can be increased simultaneously at a constant ratio, thereby achieving large phase shift 
without affecting impedance match. Impressive figures of merit such as 257° of phase 
shift per dB of insertion loss and greater than 19 dB return loss in both through and 
delayed states were demonstrated up to 50 GHz. However, the 3-bit phase shifter 
employs as many as 50 ohmic switches and, despite the high-resistance bias lines used, 
each switch can consume on the order of 100 mW standby power. This reduces the yield 
and advantage of the phase shifter. 
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Following similar method, a compact phase shifter was designed at Lehigh University 
[5] that employs tightly wrapped slow-wave structure around three closely spaced MEMS 
capacitive switches. A 90° unit cell was designed with 94° phase shift, 0.27 dB insertion 
loss, and > 20 dB return loss at 25.75 GHz. The corresponding figures of merits were 
350°/dB and 120°/mm. However, the phase shifter circuit was bulky and dispersive. 
2.2.1 Low-dispersion MEMS Phase Shifter  
Fig. 2-5 shows the layout and equivalent circuit of the low-dispersion MEMS phase 
shifter basic cell, which employs a coplanar slow-wave structure with defected ground 
and comprises two single-pole-single-throw (SPST) MEMS capacitive switches in series 
and parallel configurations, respectively, to switch between right-handed (low-pass) and 
left-handed (high-pass) states for the specified phase shift. The stationary electrode of the 
switches is covered by a thin layer of dielectric, so that when the membrane or movable 
electrode is pulled in to contact the stationary electrode, a high-resistance 
high-capacitance contact is made. The stationary electrodes of the center switch have a 
gap in the middle, which allows more design freedom through the switchable series 
capacitance Cs.  
The circuit is a CRLH circuit (band-stop filter) that is sandwiched between two 
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high-impedance transmission lines and isolation capacitors. When the series switch is 
actuated, CS is large, most of the RF signal passes directly under the movable electrode of 
CI
Z0, θ0 LS
CS
LS CMCM Z0, θ0
CI
CP
LPLP
LG
RG
R0R0
 
(a) 
LSLS CS CMCMZ0, θ0 Z0, θ0 R0
CIsoR0
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LG
RG
CG
LPLP
d/2 d/2
 
(b) 
Fig. 2-5  (a) Layout and (b) equivalent circuit of the present low dispersion phase-shifter unit cell. 
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the series switch, while a small fraction of the signal detours along the shunt inductors of 
LP. This adds some slow-wave characteristic to the through state and limits the phase 
shift between through and delayed states. To solve the limited phase shift problem, two 
fixed metal-isolator-metal (MIM) capacitors of CM are added to increase the phase shift. 
In the delayed state, the center switch is unactuated, CS is small and the trough path has 
high impedance. In this case, most of the RF signal passes along the longest path around 
shunt inductors of LP for a phase shift with respect to that of the through state. 
The design principle of the above-described phase shifter is best understood through 
the equivalent circuit shown in Fig. 2-5(b). The equivalent circuit contains a lumped 
bridged-T [26] section sandwiched between two distributed sections. The distributed 
sections have fixed impedance to account for the access lines and other microstrip 
sections with characteristic impedance Z0, propagation constant γ0, and physical length 
d/2. The line and switch losses are lumped into a series resistance R0 and a parallel 
resistance RG. The parallel capacitor CP accounts for the capacitance between the 
movable and stationary electrode, as well as the fringing capacitance between the 
movable electrode and the surrounding ground plane of the slow-wave structure. LS 
accounts for the series inductance of the lumped section including the discontinuity at the 
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adjoining distributed sections. The fixed MIM capacitors of CM and CG are for matching 
and tuning, respectively. LP accounts for the inductance of slow-wave section while LG 
represents the inductance of shunt switch movable electrode as well as the discontinuity 
at the adjoining distributed sections between shunt switch and slow-wave section. Fixed 
MIM capacitors of CIso are responsible for not only the DC isolation between neighboring 
basic cells but also impedance match. 
By simultaneously solving for the propagation constant and input impedance of the 
equivalent circuit, the optimum phase shift and impedance match can be derived. The 
unit cell in Fig. 2-5(b) can be conveniently modeled by cascading the transmission 
matrices TT, TU and TI for the lumped, distributed and isolation sections, respectively. 
Without assuming low frequency or low loss [27] : 
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where ZS, ZLP and ZG are the bridged-T section series impedance, slow-wave section 
inductors impedance and shunt switch impedance, respectively, and 
0
0 Z
1Y  is the 
unloaded line admittance, and ZI is the isolation impedance. 
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The eigenvalues of the basic-cell matrix can be solved by taking advantage of the 
symmetry  DA   and reciprocity  1BCAD   of the unit cell: 
  OdsinhNdcoshMcoshAcoshd 00
11     (2-28) 
where,  
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Similarly, the input impedance of the unit cell can be derived as: 
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where,  
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The resonance frequency at which the circuit changes the state from low-pass to 
high-pass or right-handed to left-handed can be obtained as:  
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Basic phase shifter unit cells can then be designed by equating (2-30) to 50Ω and 
allowing the difference between through and delayed states of (2-28) to be constant 
across the frequencies of interest. Table 2-1 lists the equivalent circuit parameters of the 
basic cells shown in Fig. 2-5(b) for a flat phase response in the frequency range of 24-28 
GHz. Note that 180° and 90° basic cells require synchronous actuation of MEMS 
switches while 45° and 22.5° unit cells require asynchronous actuation of MEMS 
switches to switch between through and delayed states. 
Fig. 2-6(a) and Fig. 2-6(b) show the difference between the negative solutions of 
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(2-28) for through and delayed states, as functions of frequency over wide frequency 
ranges and that of the frequencies of interest, respectively. Plugging the equivalent circuit 
parameters into (2-32) leads to the through-state notch frequencies at 20.5, 17.8, 15.5, 
17.5 GHz for 180°, 90°, 45° and 22.5° unit cells, respectively. According to (2-32), part 
of RF signal detours along slow-wave structure, LP, which causes the dispersion between 
through and delayed states. This can be improved by using different switches with 
different on/off capacitance ratios which then reduce the reliability. 
 Fig. 2-6(c) and Fig. 2-6(d) show the real part of the positive solutions of (2-30), 
Table 2-1  Unit-Cell Equivalent-Circuit Parameter Values 
Symbol 
22.5° 45° 90° 180° 
Through Delayed Through Delayed Through Delayed Through Delayed 
CI (fF) 850 1110 250 340 
R0 (Ω) 1.6 1.4 0.6 0.6 
Z0 (Ω) 48 47 44 54 
θ0 (°) 57@25 GHz 61@25 GHz 44@25 GHz 30@25 GHz 
CM (fF) --- --- 1150 300 
LS (pH) 62 62 90 90 
CS (fF) 300 16 300 14 295 11 305 16 
LP (pH) 75 115 115 205 
CP (fF) 51 1150 50 1150 1110 101 1100 120 
CT (fF) 39 67 --- --- 
LG (pH) 165 280 190 55 
RG (Ω) 1.2 0.9 1.4 0.9 
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over wide band of frequencies and that for the frequencies of interest, respectively. As it 
can be seen the impedance for the through and delayed states remain the same for each 
basic unit cell across the frequencies of interest but it changes from one basic cell to the 
other. If we want to keep perfect impedance match for each basic unit cell while having 
the constant phase, we should use different switches with different on/off ratios for each 
     
(a)                                        (b)     
       
(c)                                       (d)     
Fig. 2-6  Imaginary part of propagation constant difference between through and delayed state over 
(a) wide frequency range, (b) frequencies of interest. Real part of input impedance over (c) wide 
frequency range, and (d) frequencies of interest. Solid and dashed lines indicate through and delayed 
states, respectively. 
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cell. Considering that the MEMS switches will be monolithically fabricated on the 
design, this can reduce the yield and reliability. So, we decided to use the same kind of 
switches in the present basic unit cells.   
The only variables in the equivalent circuit of Fig. 2-5(b) are the two MEMS switches 
capacitances of CS and CP. It is usually difficult to control the unactuated-state 
capacitance due to process tolerances such as residual stress. The actuated-state 
capacitance of the switches can be easily influenced by not only the process tolerances 
but also the applied DC bias voltage. In order to estimate the impact of the MEMS 
capacitance tolerances on the designed phase shifter unit cells, we performed the 
sensitivity analysis. Circuit sensitivity can be mathematically obtained as:  
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y
y
x
S yx


  (2-34) 
where S is the sensitivity, x is the changing variable and y is the circuit characteristic that  
we wish to evaluate as x is changed. Applying (2-33) to (2-28) and (2-30), allows us to 
quantify the sensitivity of the propagation constant or ultimately insertion phase and input 
impedance of each basic cell as a function of frequency when either CS or CP is variable. 
Fig. 2-7 shows that the through-state insertion phase in general is sensitive to series 
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switch capacitance, CS, while the delayed-state insertion phase is sensitive to the shunt 
switch capacitance, CP. The same is also true for input impedance according to Fig. 2-8. 
The reason for this sensitivity is clear because in through state most of RF signal paths 
through the series capacitance while in the delayed state most of the RF signal detours 
around the slow-wave structure which is loaded by shunt capacitance. Also, insertion 
phase is more sensitive than impedance to the capacitance change which is mainly 
       
   (a)                                          (b) 
       
    (c)                                          (d) 
Fig. 2-7  Sensitivity of imaginary part of the propagation constant of (a) 180°, (b) 90°, (c) 45°, (d) 
22.5° unit cells to MEMS switch capacitance. Sensitivity related to series switch capacitance, CS 
(solid line) and that of related to shunt switch capacitance, CP (dashed line). 
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because of the fact that the impedance is largely influenced by the distributed section 
while the phase is related mainly to the compact section. Further, the 180° unit cell is  
very sensitive to the change of MEMS switch capacitance mainly because of the fact that 
it is designed in the ultimate limit of the circuit and it has greater phase dispersion. This 
problem can be fixed by using switches with different on/off ratio. 
       
       (a)                                          (b)     
       
 (c)                                         (d)     
Fig. 2-8  Sensitivity of real part of input impedance of (a) 180°, (b) 90°, (c) 45°, (d) 22.5° unit cells 
related to MEMS switch capacitance. Sensitivity related to series switch capacitance, CS (solid line) 
and that of related to shunt switch capacitance, CP (dashed line). 
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2.3 Implementation 
2.3.1 Temperature Independent Switch Design (Geometrical Approach) 
MEMtronics’ switch technology was used in this project to realize the 
metamaterial-based phase shifters [28]-[32]. The initial switch had a "figure-8" 
molybdenum membrane and gold stationery electrode that was covered by silicon dioxide 
[4], [5]. The fabrication of these MEMS switches produced results that demonstrated 
significant variation in membrane flatness and actuation voltage due to insufficient 
residual stress and a sensitivity to stress gradients in the "figure-8" layout of the switch. 
Part of this shortcoming was because of insufficient numbers of MEMS fabrication runs 
through the fab that use molybdenum as a mechanical material. 
To overcome this obstacle and move forward with the innovative phase shifter 
designs, we decided to redesign the switch membrane construction and layout to achieve 
a more repeatable mechanical performance. Material and geometrical approaches were 
evaluated and it was decided to focus on a geometrical design approach which would 
provide the desired performance in a robust manner. Geometrical approach utilizes a 
geometry-based method to design the MEMS membrane such that the resulting switch is 
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stable over temperature and insensitive to stress gradients. This approach has been well 
publicized by Rebeiz [9]-[11].  
As shown in Fig. 2-9, the geometry incorporates a square shape, four anchors, and 
four slots to decouple film stress and gradients from impacting the actuation voltage of 
the switch over temperature. This is achieved by designing a membrane shape which 
minimizes the reaction forces from the anchors due to thermal expansion. This technique 
was demonstrated with a 8000Å thick gold film, achieving < 50 mV/°C variation in 
voltage over the 25°C to 125°C temp range [8]. The geometry of the mechanical beams 
created by the slots in the membrane determine the sensitivity (insensitivity) to residual 
 
Fig. 2-9  Geometrical design-based approach for achieving temperature stable MEMS membranes [8]. 
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stress, stress gradients, and expansion of the film over temperature. An advantage is that 
this approach is design-oriented and would not likely require much in the way of new 
process development.  
Initial electrical models of the switch were constructed using HFSS 3D 
electromagnetic simulator to evaluate the RF performance of the switch as shown in Fig. 
Table 2-2  Layer Information of Temperature Independent Switch 
Layer Material Thickness (um) 
Transmission Line Copper 3.1 
Bottom Electrode Gold 0.6 
Dielectric Silicon Dioxide 0.3 
Airgap air 2.2 
Membrane Gold 0.8 
Substrate Sapphire 600 
 
     
CP
LG
RG
Z0, θ0 R0
Z0, θ0R0
 
                (a)                                      (b) 
Fig. 2-10  (a) Layout for simulating electrical/RF performance, and (b) equivalent circuit of the 
temperature independent shunt MEMS switch. 
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2-10(a). Table 2-2 lists different layers’ information of the temperature independent 
switch that used in the electromagnetic simulations. The electromagnetic simulation 
results were modeled by using the equivalent circuit model shown in Fig. 2-10(b) to 
extract the on/off ratio of the switch. Fig. 2-11 compares the scattering parameters of the 
electromagnetic-simulated and ADS-modeled switch. Corresponding values of the 
equivalent circuit parameters are listed in Table 2-3. We can see that the capacitance ratio 
is greater than 15, however the off capacitance of the switch is a bit higher than the 
previous design but it is expected that these extra parasitics can be absorbed into the 
Table 2-3  Equivalent-Circuit Parameter Values of the MEMS Switch 
Parameter 
F0 
(GHz) 
Z0  
(Ω) 
θ0  
(°) 
R0 
(mΩ) 
RG 
(mΩ) 
LG 
(pH) 
CON  
(fF) 
COFF  
(fF) 
Value 25 54 11 300 100 2 1000 66 
 
     
             (a)                                         (b) 
Fig. 2-11  HFSS-simulated (solid) and modeled (dashed) return and insertion losses (|S11| and |S21|) of 
the new switch when switch is (a) on, and (b) off. 
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Ka-band phase shifter designs. 
Fig. 2-12, shows the different loss factors of the switch in the unactuated state. As it 
is evident from Fig. 2-12, at lower frequencies up to 13 GHz, material loss especially the 
loss associated with bottom electrode is the dominant loss component, while at higher 
frequencies beyond 13 GHz, mismatch loss becomes dominant. Since our goal is to use 
this switch to design Ka band (24 – 27 GHz) phase shifter, we should optimize the switch 
in terms of mismatch loss. The mismatch loss is also related to the off capacitance of the 
switch such that smaller off capacitance leads to better matching. This can be resolved by 
shrinking the bottom electrode, however it needs to be done by considering lots of other 
parameters including, pull-in voltage, on-off ratio, parasitics and actuation contact area. 
Furthermore, in the simulations provided so far, we supposed that the membrane is 
 
Fig. 2-12  Different loss components of the new switch related to insertion loss in up-state. 
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contacting the stationary electrode flatly resulting in a sharp actuation however this 
assumption is ideal and not happening in practice.  
As part of implementing a new, temperature-independent switch into the MEMS 
phase shifter, by using Ansys Multiphysics, electromechanical models have been created  
to verify the published results, and to serve as the basis for making changes and 
improvements. Table 2-4 lists the parameter values used by the ANSYS Multiphysics 
Table 2-4  Geometry and Mechanical Parameters of the Shunt Switch 
Parameter Value 
Membrane Thickness 0.8 μm 
Bottom Electrode Thickness 0.6 μm 
Air Gap 2.4 μm 
Young's Modulus of Gold 57 GPa 
Poisson's Ratio of Gold 0.35 
Membrane Residual Stress 0 MPa 
 
 
Fig. 2-13  Electromechanical simulation of the maximum deflection of the MEMS shunt switch under 
different bias voltages. 
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electromechanical simulator to have better understanding of the membrane deflection 
under applied DC voltage which helps us to better optimize the switch. Fig. 2-13 shows 
the simulated membrane deflection under different bias voltages. The actuation voltage is 
36 V while the release voltage is 14 V. 
After careful considerations of the requirements for basic phase shifter unit cells as 
well as DC pull-in voltages, the series and shunt MEMS switches were laid out as shown 
in Fig. 2-14. It can be seen that the series switch differs from the shunt switch mainly by 
splitting the stationary electrodes into two halves, which are DC connected but RF 
isolated unless the movable electrode is pulled in on top of them. This resulted in 
approximately 25% smaller stationary electrode and 5-V higher actuation voltage (33 V 
vs. 28 V) than that of the shunt switch. Although this difference in actuation voltage is 
  
              (a)                                        (b) 
Fig. 2-14  Details of (a) series and (b) shunt MEMS switches used in each unit cell. The movable 
electrode of each switch is made of gold and is approximately 165 µm  165 µm. 
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tolerable as all switches are overdriven at 40 V, the layout of the series switch should be 
further optimized so that it has the same actuation voltage as the shunt switch. 
2.3.2 Layout of Basic Phase Shifter Unit Cell  
Following the above-described design approaches, the unit cells were laid out with 
their equivalent-circuit parameters optimized by using the HFSS 3D finite-element 
electromagnetic simulator as listed in Table 2-1 in the previous section. The small 
variations in the switch capacitance, whether in series or shunt configuration and whether 
actuated or unactuated, for each unit cell is because it includes the parasitic capacitance, 
which is different for different layout of each unit cell. This underscores the importance 
of absorbing all parasitics in the present compact design. 
 
  
                   (a)                                (b) 
Fig. 2-15  Layout of (a) 22.5°and (b) 45°unit cells with chip sizes of 1.3 mm × 1.4 mm and 1.35 mm × 
1.5 mm, respectively. 
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Fig. 2-15 shows the layouts of 22.5° and 45° unit cells. In these layouts, series 
switches are actuated while the shunt switches are suspended in the through state, and 
vice versa in the delayed state. Figure 2-16 and figure 2-17 show the simulated (by 
HFSS) and modeled (by Agilent ADS) scattering parameters of the 22.5° and 45° unit 
  
                 (a)                                       (b) 
Fig. 2-17  Electromagnetics-simulated (solid) vs. equivalent-circuit-modeled (dashed) (a) insertion 
phase (<S21) and (b) insertion loss (|S21|) and return loss (|S11|) of the new 45° phase-shifter unit cell with 
square gold switches. 
  
                 (a)                                       (b) 
Fig. 2-16  Electromagnetics-simulated (solid) vs. equivalent-circuit-modeled (dashed) (a) insertion 
phase (<S21) and (b) insertion loss (|S21|) and return loss (|S11|) of the new 22.5° phase-shifter unit cell 
with square gold switches. 
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cells, respectively. The 22.5° unit cell exhibits less than 0.4 dB insertion loss, greater than 
15 dB return loss, and 22.5±0.25° phase shift between 24 GHz and 28 GHz. Across the 
same frequency band, the 45° unit cell provides 47±5° phase shift with less than 0.5 dB 
insertion loss and better than 19 dB return loss. Note that the 45° and 90° unit cells are 
designed to have slightly greater phase shift to compensate for smaller phase shift of the 
180° unit cell and to reduce the overall root-mean-square phase error of the 3-bit phase 
shifter.  
Fig. 2-18 shows the layouts of 90° and 180° unit cells, in which series and shunt 
switches are simultaneously actuated in the through state, and are both suspended in the 
delayed state. Fig. 2-19 and Fig. 2-20 show the simulated (by HFSS) and modeled (by 
   
                       (a)                              (b) 
Fig. 2-18  Layout of (a) 90° and (b) 180° unit cells with chip sizes of 1.2 mm  1.45 mm and 1 mm  
1.5 mm, respectively. 
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Agilent ADS) scattering parameters of the 90° and 180° unit cells, respectively. The 90° 
unit cell exhibits less than 0.5 dB insertion loss, greater than 16 dB return loss, and 98±3° 
phase shift between 24 GHz and 28 GHz. Across the same frequency band, the 180°    
unit cell provides 172±8° phase shift with less than 1 dB insertion loss, and better than 18 
  
                (a)                                         (b) 
Fig. 2-20  Electromagnetics-simulated (solid curves) vs. equivalent-circuit-modeled (dashed curves) (a) 
insertion phase (<S21) and (b) insertion (|S21|) and (|S11|) return losses of the new 180° phase-shifter unit 
cell with square switches. 
 
  
                (a)                                        (b) 
Fig. 2-19  Electromagnetics-simulated (solid) vs. equivalent-circuit-modeled (dashed) (a) insertion 
phase (<S21) and (b) insertion loss (|S21|) and return loss (|S11|) of the new 90° phase-shifter unit cell with 
square gold switches. 
59 
 
dB return loss. 
2.3.3 Layout of Multi-bit Phase Shifter  
The 90° and 180° unit cells were cascaded into a 2-bit phase shifter then optimized by 
using HFSS. There were only two ways to cascade these unit cells together: one way with 
the two cells orientated in same direction; the other way with the second cell flipped 
upside down as shown in Fig. 2-21. Although simulation showed little difference, the 
second way of cascading was chosen for the minimizing potential mode coupling 
between the cells. A 500-µm long 50-Ω coplanar waveguide was inserted between the 
two unit cells to further reduce any coupling effect and to improve impedance match. The 
simulated performance of the 2-bit phase shifter across the band of 24−28 GHz at all 
   
Fig. 2-21  Layout of the 2-bit phase shifter comprising the 180° and 90° unit cells. The chip size is 2.5 
mm  1.6 mm. 
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four phase states is shown in figure 2-22. It can be seen that even in the worst case,   the 
root-mean-square phase error is less than 11°, the insertion loss is less than 1.8 dB, and 
the return loss is greater than 10 dB. 
Following the same cascading approach, 45°, 90° and 180° unit cells were combined 
into a 3-bit phase shifter then optimized by using HFSS. Table 2-5 compares the 
simulated phase-shifter performance across the band of 24−28 GHz for three 
permutations with the 180° unit cell at the beginning, middle and end, respectively. It can 
be seen that the permutation with the 180° unit cell at the beginning is the best in terms of 
phase error, insertion loss and return loss. This can be explained according to the different 
input impedances of basic cells as shown in Fig. 2-6. The layout for this permutation is 
shown in Fig. 2-23 and its simulated performance across the band at all eight phase states 
  
                (a)                                         (b) 
Fig. 2-22  Electromagnetics-simulated (a) phase shift and root-mean-square phase error and (b) 
insertion/return loss of all eight states of the 2-bit phase shifter. 
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is shown in 2-24 and Fig. 2-25. Although the layout is not symmetrical, the performance 
is essentially reciprocal. For example, the input/output return losses are very similar to 
each other, which implies that there is little difference in reversing the cascading order. 
As shown in Fig. 2-24, even in the worst case across the band of 24−28 GHz, the 
root-mean-square phase error of the present 3-bit phase shifter is less than 9°, the 
insertion loss is less than 1.7 dB, and the return loss is greater than 13 dB. This suggests a 
  
Fig. 2-23  Layout of the present 3-bit phase shifter comprising three unit cells with 180°, 90° and 45° 
phase shifts, respectively. The overall chip size is 3.3 mm  1.6 mm. 
 
Table 2-5  Effect of Unit-Cell Cascading Order 
Order 
180/90/45 90/180/45 90/45/180 
In Out In Out In Out 
RMS Phase Error (°) < 9 < 9 < 11 < 11 < 10 < 10 
Insertion Loss (dB) < 1.7 < 1.7 < 2.5 < 2.5 < 1.9 <1. 9 
Return Loss (dB) > 13 > 12 > 6 > 7 > 10 > 10 
 
62 
 
significant improvement over the previous designs listed in Table 2-6 except that the 
return loss needs to be improved by approximately 2 dB. The above results were all based 
on simulation. 
The performance of the 3-bit phase shifter as shown in figure 4 was evaluated for its 
sensitivity to the variation in MEMS switch capacitance, considering the relatively 
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                (a)                                         (b) 
Fig. 2-25  Electromagnetics-simulated (a) phase shift and root-mean-square phase error and (b) 
insertion/return loss of all eight states of the output port of the 3-bit phase shifter. 
 
2
4
6
8
10
-360
-270
-180
-90
0
24 25 26 27 28
R
M
S
 P
h
a
s
e
 E
rr
o
r 
( 
)
In
s
e
rt
io
n
 P
h
a
s
e
 (
 )
Frequency (GHz)  
-40
-30
-20
-10
0
-8
-6
-4
-2
0
24 25 26 27 28
R
e
tu
rn
 L
o
s
s
 (
d
B
)
In
s
e
rt
io
n
 L
o
s
s
 (
d
B
)
Frequency (GHz)  
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Fig. 2-24  Electromagnetics-simulated (a) phase shift and root-mean-square phase error and (b) 
insertion/return loss of all eight states of the input port of the 3-bit phase shifter. 
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immature manufacture of RF MEMS. Table 2-7 shows that the present design is rather 
robust even when the actuated MEMS switch capacitances vary by ±15%.   
 
 
 
Table 2-7  Sensitivity To MEMS Capacitance Variation 
CS (fF) 225 265 300 345 375 
CP (fF) 825 935 1100 1265 1375 
RMS Phase Error (°) < 12 < 6 < 9 < 13 < 14 
Insertion Loss (dB) < 2.4 < 2 < 1.7 < 1.7 < 1.7 
Return Loss (dB) > 11 > 13 > 13 > 13 > 14 
 
Table 2-6  Comparison of Low-Dispersion MEMS Phase Shifters 
Year 2008 2014 2015 2016 
Bandwidth (GHz) 8−12 12−14 22−26 24−28 
Number of Bits 5 3 3 3 
RMS Phase Error (°) < 10 < 27 < 21 < 9 
Insertion Loss (dB) < 9 < 3 < 2 < 2 
Return Loss (dB) > 15 > 7 > 15 > 13 
No. of Switches 20 14 8 6 
Size (mm2) 9 18 9 5 
Reference [2] [4] [5] Present 
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Chapter 3 Characterization 
3.1 MEMS Switch 
Each basic phase shifter unit cell uses two SPST capacitive MEMS switches in shunt and 
series configurations. Fig. 3-1 shows the details of the series and shunt MEMS switches 
that was fabricated on a 600-µm thick sapphire substrate. The switches have a 
squared-shaped movable electrode with four long and narrow slits along each side, so that 
the movable electrode is anchored only at the four corners in the north, south, east and 
west directions of Fig. 3-1(a) and Fig. 3-1(b). This not only makes the MEMS switch 
more compact, but also increases its tolerance of variations in temperature and residual 
stress [33]. 
 
                                                        
(a)                                        (b)  
Fig. 3-1  Details of (a) series and (b) shunt MEMS switches used in the present phase shifters. The 
movable electrode of each switch is approximately 165 µm × 165 µm. 
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The series switch differs from the shunt switch mainly by splitting the stationary 
electrode into two halves, which are DC connected but RF isolated unless the movable 
electrode is pulled in on top of the stationary electrode. The gap between two stationary 
electrodes is 20 µm in the present design. This resulted in approximately 25% smaller 
stationary electrode and 3 V higher pull-in voltage (36 V vs. 33 V) than that of the shunt 
switch as shown in Fig. 3-5. However, since the switches can tolerate more than their 
pull-in voltage, we will overdrive them by applying 40 V DC bias. The movable electrode 
is DC connected to the ground lines in the north and south through large resistors that are 
open in RF frequencies. 
To verify the difference in the actuation voltage and locate working switches across 
the wafer, capacitance vs. voltage (C-V) measurements were performed on many 
switches. The actuation voltage was found to vary between 20 V and 60 V across the 
wafer. Fig. 3-2 shows the C-V characteristics of typical series and shunt switch. It can be 
seen that the actuation voltage of a typical shunt and series switch is almost 33 V and 36 
V, respectively. It can also be seen that the actuated capacitance is 720 fF for shunt switch 
and 75 fF for series switch, which is significantly lower than the simulated value of 1100 
fF and 300 fF, respectively for shunt and series switches. On the other hand, the 
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unactuated capacitance is 51 fF for shunt switch and 15 fF for the series switch which 
agrees well with the simulated value. The actuated capacitance of shunt switch is 35% 
and that of series switch is 75% smaller than the desired values. This will negatively 
influence the performance of the phase shifter, especially in terms of insertion loss as 
shown in next section. 
3.1.1 Basic Phase Shifter Unit Cells  
3.1.2 Asynchronous Unit cells 
In these unit cells, series switches are actuated while the shunt switches are 
suspended in the through state, and vice versa in the delayed state [34]-[36]. Since the 
switches were not flatly actuated under the biased voltage and thus there was 35% less 
shunt capacitance and 75% less series capacitance, there was a slight frequency shift and 
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 Fig. 3-2  C-V characteristics of (a) series and (b) shunt MEMS switches. 
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extra insertion loss associated with each phase shifter basic cell.  
Fig. 3-3 shows the micrograph of 22.5° and 45° unit cells. Fig. 3-4 and Fig. 3-5 
show the measured scattering parameters of the 22.5° and 45° unit cells, respectively. The 
   
              (a)                                         (b) 
Fig. 3-4  Measured (a) insertion phase and (b) insertion/return losses of the 22.5° basic cell with real 
MEMS switches. 
   
              (a)                                         (b) 
Fig. 3-3  Micrograph of (a) 22.5° and (b) 45° unit cells with chip sizes of 1.3 mm  1.4 mm and 1.35 
mm  1.5 mm, respectively. 
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22.5° basic cell exhibits less than 1 dB insertion loss, greater than 14 dB return loss, and 
29±1° phase shift between 26 GHz and 30 GHz. Note that the insertion loss in this case 
is more than the design values by a factor of 2 and there is a 2 GHz frequency shift 
toward upper band. The main reason for this discrepancy is the intrinsic loss of the 
switches as well as their non-flat membrane which reduces their actuated-state 
capacitance. 
The 45° basic cell provides 55±2° phase shift with less than 1.5 dB insertion loss 
and better than 13 dB return loss between 23 GHz and 27 GHz. Note that the insertion 
loss in this case is more than the design values by a factor of 3 due to intrinsic loss of the 
switches as well as their non-flat membrane. Further, there is a 1 GHz frequency shift 
toward lower band. 
   
               (a)                                        (b) 
Fig. 3-5  Measured (a) insertion phase and (b) insertion/return losses of the 45° basic cell with real 
MEMS switches. 
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3.1.3 Synchronous Unit cells 
In these unit cells the series and shunt switches actuate simultaneously to change the unit 
cell from the delayed state to the through state [35]-[37]. Fig. 3-6 shows the micrograph 
of 90° and 180° unit cells. Fig. 3-7 and Fig. 3-8 show the measured scattering parameters 
of 90° and 180° unit cells, respectively. The 90° basic cell exhibits less than 1.9 dB 
insertion loss, greater than 16 dB return loss, and 103±3° phase shift between 23 GHz 
and 27 GHz. The measured insertion loss is 4 times higher than the simulated value and 
there is a 1 GHz frequency shift toward lower band. 
 
       
                    (a)                                       (b) 
Fig. 3-6  Photograph of (a) 90° and (b) 180° unit cells with chip sizes of 1.2 mm  1.5 mm and 1 mm 
 1.5 mm, respectively. 
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180° basic cell provides 172±4° phase shift with less than 2.4 dB insertion loss, and 
better than 15 dB return loss between 29 GHz and 33 GHz. The measured insertion loss 
is 2.5 times higher than the simulated value. Further, there is a 5 GHz frequency shift 
toward higher band. 
   
              (a)                                         (b) 
Fig. 3-8  Measured (a) insertion phase and (b) insertion/return losses of the 180° basic cell with real 
MEMS switches. 
   
              (a)                                         (b) 
Fig. 3-7  Measured (a) insertion phase and (b) insertion/return losses of the 90° basic cell with real 
MEMS switches. 
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3.2 Multi-bit Phase Shifters 
Individual basic cells were then cascaded to form 2-bit and 3-bit digital phase 
shifters with 90° and 45° phase resolution, respectively.  
3.2.1 2-bit Phase Shifter 
Fig. 3-9 shows the micrograph of the fabricated 2-bit phase shifter that is comprised 
of a flipped 90° basic cell, a 500-µm long 50-Ω coplanar waveguide (CPW), and a 180° 
basic cell. The measured performance of the 2-bit phase shifter across the band of 26‒31 
GHz at all four phase states is shown in Fig. 3-10. Note that there is a 2 GHz frequency 
shift toward higher band due to imperfect actuation of the switches. The 90° and 180° 
basic cells actuate according to Table 3-1 to switch between different phase shifter states. 
 
   
Fig. 3-9  Micrograph of the 2-bit phase shifter comprising 90° and 180° basic cells. The chip size is 
2.5 mm  1.6 mm. 
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As shown in Fig. 3-10, even in the worst case across the band of 26.5−30.5 GHz, the 
root-mean-square phase error of the present 2-bit phase shifter is less than 17°, the 
insertion loss is less than 4 dB, and the return loss is greater than 8 dB. Note that the 
insertion loss of 2-bit phase shifter equals to the sum of insertion loss of the 90° and the 
180° basic cells. This suggests that by utilizing switches with smaller insertion loss and 
better actuation, (i.e. less than 0.4 dB), this phase shifter can indeed perform with less 
than 1.6 dB insertion loss as initially designed by using HFSS in previous chapter. 
Table 3-1  Two-bit Phase Shifter States 
State Phase Shift (°) 180° Basic Cell 90° Basic Cell 
1 0 Through Through 
2 90 Through Delayed 
3 180 Delayed Through 
4 270 Delayed Delayed 
 
 
   
              (a)                                         (b) 
Fig. 3-10  Measured (a) insertion phase, (b) insertion and return losses of all four phase states of the 
input port of the 2-bit phase shifter across the band of 26−31 GHz. 
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3.2.2 3-bit Phase Shifter 
Fig. 3-11 shows the micrograph of the fabricated 3-bit phase shifter that is 
comprised of a 45°, a 90° and a 180° basic cell without any extra 50-Ω line between 
them. There is no alteration in the unit cells as discussed in previous chapter. The phase 
shifter occupies less than 5 mm2 on the sapphire substrate. As it can be seen from the 3D 
micrograph in Fig. 3-11, the membranes of the switches are not flatly suspended which 
along with their non-flat actuation harms the phase shifter performance. 
Since there are 4 DC bias pads, a homemade DC probe-card was assembled as 
shown in Fig. 3-12 to bias all the unit cells. The measured performance of the 3-bit phase 
shifter across the band of 24‒27 GHz at all eight phase states is detailed in Fig. 3-13. The  
45°, 90° and 180° unit cells actuate according to Table 3-2 to switch between different 
   
Fig. 3-11  Micrograph of the 3-bit phase shifter comprising 45°, 90° and 180° basic cells. The chip 
size is 3.3 mm  1.6 mm. 
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phase states. 
As shown in Fig. 3-13, even in the worst case across the band of 24−27 GHz, the 
root-mean-square phase error of the present 3-bit phase shifter is less than 55°, the 
Table 3-2  Three-bit Phase Shifter States 
State Phase Shift (°) 180° Unit Cell 90° Unit Cell 45° Unit Cell 
1 0 Through Through Through 
2 45 Through Through Delayed 
3 90 Through Delayed Through 
4 135 Through Delayed Delayed 
5 180 Delayed Through Through 
6 225 Delayed Through Delayed 
7 270 Delayed Delayed Through 
8 315 Delayed Delayed Delayed 
 
 
   
Fig. 3-12  Test setup for charactering the 3-bit phase shifter using a homemade DC probe-card. 
79 
 
insertion loss is less than 7.5 dB, and the return loss is greater than 5 dB. The main reason 
for the much-worse-than-expected insertion loss is the frequency shift of 180° basic cell 
which causes four initial states to exhibit large insertion loss. On the other hand, the main 
reason for the worse-than-expected phase flatness is the over 130° phase shift the 90° 
basic cell due to non-flat switch membranes. The average insertion loss over the eight 
states across the frequency band of 24‒27 GHz is less than 4.6 dB and the average return 
loss over the eight states in the same frequency band is greater than 11.2 dB. The 
root-mean-square phase error of the 3-bit phase shifter can be reduced to below 18° as 
shown in Fig. 3-14 by redefining the phase states according to Table 3-3. Also note that 
the insertion loss is 1.3 times higher than the sum of the losses of individual cells mainly 
because of membrane buckling in un-actuated states. This can be seen from Fig. 3-11. 
   
              (a)                                         (b) 
Fig. 3-13  Measured (a) insertion phase and (b) insertion/return loss of all eight states of the 3-bit 
phase shifter. 
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Table 3-3  Redefined Three-bit Phase Shifter States 
State Phase Shift (°) 180° Unit Cell 90° Unit Cell 45° Unit Cell 
1 0 Through Through Through 
2 45 Delayed Delayed Delayed 
3 90 Through Through Delayed 
4 135 Through Delayed Through 
5 180 Through Delayed Delayed 
6 225 Delayed Through Through 
7 270 Delayed Through Delayed 
8 315 Delayed Delayed Through 
 
 
   
Fig. 3-14  Measured insertion phase of all redefined eight states of the input port of the present 3-bit 
phase shifter across the band of 24−27 GHz 
81 
 
References 
[33] H. Nieminen, V. Ermolov, S. Silanto, K. Nybergh, and T. Ryhanen, “Design of a 
temperature-stable RF MEM capacitor,” J. Microelectromech. Syst., vol. 13, no. 5, pp. 705–714, 
Oct. 2004. 
[34] C. Palego, Y. Ning, V. Gholizadeh, X. Luo, J. C. M. Hwang, and C. L. Goldsmith, “Compact, 
wideband, low-dispersion, metamaterial-based MEMS phase shifters,” in IEEE MTT-S Int. 
Microwave Symp. Dig., Tampa Bay, Florida, Jun. 2014, pp. 1–4. 
[35] V. Gholizadeh, Y. Ning, X. Luo, C. Palego, J. C. M. Hwang, and C. L. Goldsmith, “Improved 
Compact, Wideband, Low-dispersion, Metamaterial-based MEMS Phase Shifters,” in IEEE 
Int. Wireless Symp. Dig., Shenzhen, China, Mar. 2015, pp. 1–4.  
[36] V. Gholizadeh, M. J. Asadi, Y. Ning, C. Palego, J. C. M. Hwang, D. Scarbrough, and C. L. 
Goldsmith, “Low-dispersion metamaterial-based phase shifters with reduced size and number of 
MEMS switches,” in IEEE MTT-S Int. Wireless Symp. Dig., Shanghai, China, Mar. 2016, pp. 1−4. 
[37] V. Gholizadeh, M. J. Asadi, Y. Ning, C. Palego, J. C. M. Hwang, D. Scarbrough, and C. L. 
Goldsmith, “Low-dispersion 180° phase shifter using two synchronized MEMS switches,” in 
IEEE Lester Eastman Conference, Bethlehem, PA, 2016, pp. 35–37. 
82 
 
Chapter 4 Experimental Validation of Design and Discussion 
4.1 Ohmic Loss Characterization 
Ohmic loss was first characterized to validate the design and discover the underlying 
reason for the discrepancy between the electromagnetic simulations and measurements. 
Fabrication process related parameters such as thickness of different layers, their 
conductivity, substrate permittivity and its loss tangent were characterized. Shunt MEMS 
switch, as the main building block of the present design was selected to evaluate the 
overall loss.  
 Dektak benchtop stylus profilometer and Bruker’s 3D optical microscope were used to 
measure the thickness of different layers as shown in Fig. 4-1 [1], [2]. The measurement 
results confirm that several modifications have been made over fabrication process which 
deviates the MEMS switch performance from the expectations. Table 4-1 compares the 
measured information for different layers with those of used in the design of temperature 
independent switch. It can be seen that the dielectric is thicker than expected. The 
actuated state capacitance, Con, is defined as [3]:  
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Table 4-1  Layer Information of Temperature Independent Switch 
Layer 
Designed Fabricated 
Material Thickness (um) Material Thickness (um) 
T-Line Copper 3.1 Gold 3.9 
Electrode Gold 0.6 Gold 0.6 
Dielectric SiO2 0.3 SiO2 0.35 
Airgap air 2.2 air 2.15 
Membrane Gold 0.8 Gold 1 
Substrate Sapphire 600 Sapphire 600 
 
T+M M E+D
D+R D
T+M
T+M
 
(a) 
 
(b) 
Fig. 4-1  (a) Micrograph of test structures that is made of different deposited layers, and (b) the optical 
profile along the horizontal lines shown in (a). 
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where A is the capacitive area of the membrane, d1 is the amplitude of the roughness, d2 
is the dielectric thickness, and r  is the relative dielectric constant of the dielectric 
layer. If we ignore the roughness we can see that 17% thicker dielectric layer can 
decrease the Con by 16%. The isolation can be defined as:  
 
2ZCj1
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S
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
 , (4-2) 
which shows that the 16% less Con translates into 17% less isolation. Table 4-1 shows 
that the airgap is smaller than the designed value. The unactuated state capacitance, Coff, 
of the MEMS switch is defined as:  
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 , (4-3) 
where g is the airgap. Plugging the numbers from Table 4-1 shows that the Coff is 
increasing by 2-3%. The insertion loss of the switch with smaller than 13 dB return loss 
can be defined as:  
 0s
2
off
2 ZRCLoss  , (4-4) 
where Rs is the series resistance of the membrane. Therefore from (4-4) a 2%-3% smaller 
airgap leads to 4%-6% extra insertion loss. Furthermore, the pull-in voltage of the switch 
is defined as:  
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where k is the spring constant of the membrane. From Table 4-1, 2%-3% smaller airgap 
can decrease the pull-in voltage by 3%-5%. The transmission line is made of gold instead 
of copper which increases the ohmic loss because the conductivity of gold is 30% smaller 
than copper. Furthermore, as we show later in this chapter, the membrane is not flat and 
is buckled down in most of cases which causes even more obvious increase in insertion 
loss, especially for the phase shifters.  
Conductivity of each layer was measured by measuring the resistance of two test 
structures for each layer, one with 40 squares and the other with 280 squares and then 
deembed to cancel the contact resistance and cable effects. Agilent 4156C precision 
semiconductor parameter analyzer along with RF Cascade ACP probes were used to 
reduce the contact resistance and improve the accuracy [4], [5]. This is diefferent than the 
4-probe measurement method that usually uses DC probes [6]. Fig. 4-2 shows the typical 
layout of the test structures to measure the conductivity of each layer. Fig. 4-3 shows the 
conductivity of deposited layers for stationary electrode, membrane and transmission 
line. The conductivity of each layer then can be calculated by using their thicknesses 
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from Table 4-1 as follows: 
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which shows 27% smaller conductivity than bulk gold. 
In order to characterize the switch ohmic loss and to understand the loss from each 
section, i.e bottom electrode, membrane and feed-lines the resistance of those sections 
were measured. Fig. 4-4 shows that the open structure was used to calibrate the impact of 
feed-lines in the stationary electrode resistance measurement. The resistance of the open 
structure was calculated using the sheet resistance of transmission line and the 
dimensions of open structure. Then the resistance of the open structure was subtracted 
from the measured resistance value for the open structure to obtain the contact resistance. 
Then the sheet resistance of bottom electrode was used along with its dimensions to 
 
Fig. 4-2  Layout of the conductivity measurement test structures. 
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calculate and verify the measured values as follows: 
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 (4-7) 
Similarly, the resistance of the membrane was measured as shown in Fig. 4-5. The 
resistance of the membrane was obtained to be 61 mΩ and 
 
(a)                                       (b) 
 
(c) 
Fig. 4-3  Measured sheet resistance of (a) stationary electrode, (b) membrane, and (c) transmission 
line. 
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it is calculated be 60.5 mΩ as follows:   
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As shown in Fig. 4-6, through line was also characterized to obtain the ohmic loss of 
feed-lines as well as to verify the contact resistance. The resistance of the through line 
was obtained to be 131 mΩ while the contact resistance was 155 mΩ as follows: 
 
 
  (a)                                    (b) 
 
(c) 
Fig. 4-4  (a) Layout of open structure, (b) layout of bottom electrode, and (c) measured bottom 
electrode resistance. 
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(a)                                      (b) 
Fig. 4-6  (a) Layout of through line, and (b) measured through line resistance. 
 
(a)                                  (b) 
  
(c) 
Fig. 4-5  (a) Layout of membrane for calibration, (b) layout of membrane for end-end measurement, 
and (c) measured membrane resistance. 
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Note that the characterized ohmic losses are 39% greater than the designed values. In 
order to understand what is the impact of ohmic loss in shunt switch performance, we 
analyzed different loss mechanisms, including conduction loss, substrate loss, mismatch 
loss and radiation loss, as shown in Fig. 4-7. The conduction loss is the dominant loss 
factor in frequency of interest such that more than 75% of insertion loss in 25 GHz is 
coming from conduction loss. Therefore, 39% extra ohmic loss can be easily interpreted 
as 30% extra insertion loss in the shunt switch. 
 
 
Fig. 4-7  Different losses of shunt MEMS switch. The results were normalized to the total switch loss. 
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4.2 Substrate Permittivity and Loss Tangent 
1mm and 4 mm long transmission lines with 50 Ω characteristic impedance were 
measured and their scattering parameters were fitted in HFSS by incorporating the 
measured conductivities of previous section. The permittivity and loss tangent of the 
substrate was tuned to obtain the best fit to the measured insertion loss and phase as 
shown in the Fig. 4-8 and Fig. 4-9. The results confirm that the substrate permittivity is 
9.3 and its loss tangent is approximately 0.005 which was assumed 10.2 and 0 in the 
original HFSS design, respectively. The permittivity of 9.3 agrees well with the literature 
for substrate with perpendicular to Caxis orientation [7]. According to the Fig. 4-7, 
greater than 0 substrate loss tangent contributes 23% extra insertion loss at 25 GHz to the 
shunt switch performance.  
So, the substrate loss and conduction loss together add more than 53% extra loss to 
the total insertion loss of the switch. This along with over 6% extra insertion loss due to 
smaller than expected airgap, adds up to 60% larger than expected insertion loss for the 
shunt switch.  
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The other factor is switch off-capacitance which is 5% larger than expected value 
and hence the loss in the switch is related to the off-capacitance square then the impact 
would be 9% in the total insertion loss if and only if the membrane be flat. Therefore, we 
expect that the switches in the present design show over 62% extra insertion loss than the 
designed values. From chapter 2, we expected that the shunt switch insertion loss to be 
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(a)                                       (b) 
Fig. 4-9  Electromagnetics-simulated (dashed) vs. measured (solid) (a) insertion phase (<S21) and 
return phase (<S11) and (b) insertion loss (|S21|) and return loss (|S11|) of the 4mm transmission line. 
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(a)                                       (b) 
Fig. 4-8  Electromagnetics-simulated (dashed) vs. measured (solid) (a) insertion phase (<S21) and 
return phase (<S11) and (b) insertion loss (|S21|) and return loss (|S11|) of the 1mm transmission line. 
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less than 0.4 dB in 25 GHz and according to the analysis in this chapter we expect 
switches with over 0.64 dB insertion loss at 25 GHz. This value matches well with the 
measured results for the shunt switch shown in chapter 3. Note that this value can 
increase even further by membrane flatness effect and mismatch loss due to that. 
4.3 Membrane Flatness Characterization 
From equation (4-5), it is evident that airgap variations change the pull-in voltage. In 
the present wafer, the measured pull-in voltage was from 20 V to 60 V which shows a 
large variation in airgap because of membrane flatness. From equation (4-3) and equation 
(4-4), the airgap variations also influence the insertion loss. In this section, we study the 
influence of the flatness of the membrane on the performance of individual switches and 
phase shifters. Also, to remove the impact of bad actuation of the switches, only faux 
switches (the switches with pre-actuated membranes) were examined. HFSS simulations 
were used to model the measured performance of the switches and phase shifters. 
4.3.1 Individual Switch 
Fig. 4-10 shows the micrograph and profile of a shunt switch along with its 
scattering performance in both unactuated and faux or pre-actuated states. As it can be 
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seen the switch is buckled up with average hump of 1.3 µm. This improves the switch 
loss by reducing the off-capacitance. This causes almost 40% reduction of the insertion 
loss but 49% increase in the pull-in voltage. As it can be seen from the Fig. 4-10 (c) the 
insertion loss is almost 0.45 dB in 25 GHz which matches well with the 0.48 dB 
calculated loss. Also, the pull-in voltage of this switch was measured to be almost 50 V 
which shows 56% increase to the calculated value of 32 V and matches well with our 
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                   (c)                                       (d) 
Fig. 4-10  (a) Micrograph, (b) profile of the unactuated shunt switch along the cut, (c) 
electromagnetics-simulated (dashed) vs. measured (solid) insertion loss (|S21|) and return loss (|S11|) of 
(c) unactuated and (d) faux shunt switch. 
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estimation of 49%. The reason for the further increase in the pull-in voltage and further 
decrease in insertion loss is the fact that the membrane is curved however we averaged 
the curvature and tried to estimate it with flat membrane. 
Similar to the shunt switch, Fig. 4-11 shows the micrograph and profile along with 
scattering parameters of unactuated and faux series switch. It can be seen that his switch 
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                  (c)                                       (d) 
Fig. 4-11  (a) Micrograph, (b) profile of the unactuated series switch along the cut, (c) 
electromagnetics-simulated (dashed) vs. measured (solid) insertion loss (|S21|) and return loss (|S11|) of 
(c) unactuated and (d) faux series switch. 
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is buckled up by 1.21 µm and has a thicker transmission line which causes the actuation 
voltage to rise up to 60 V. In practice this switch were overdrived by applying 70 V to 
make sure it is actuated. 
4.3.2 Individual Phase Shifter Basic Cells with Faux Switches 
After characterization of individual phase shifter basic cells with faux switches, they 
were cascaded in ADS circuit simulator to estimate the performance of the multi-bit 
phase shifters. Fig. 4-12 shows the micrograph of the 22.5° unit cell. As it can be seen 
from Fig. 4-12 (b) the shunt switch is buckled down by over 1 µm which changes the 
insertion loss in delayed state. It also influences the performance of the through state by 
deviating the input impedance and creating the mismatch loss. The 22.5° unit cell 
exhibits less than 0.9 dB insertion loss, greater than 14 dB return loss, and 21±2° phase 
shift between 22 GHz and 26 GHz. We can see that this value is almost 1.8 times higher 
than the expected designed value in chapter 2. The main reason for this extra loss is 60% 
extra switch loss as well as the extra 13% loss due to the switch curvature which in total 
causes 73% extra insertion loss. The rest of extra loss along with 2 GHz frequency shift 
toward lower frequencies comes from bad actuation of the shunt switch in the delayed 
state. 
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Fig. 4-13 shows the micrograph of the 45° unit cell. As it can be seen from Fig. 4-13 
(b) the shunt switch is buckled down by over 1 µm which changes the insertion loss in 
delayed state. It also influences the performance of the through state by deviating the 
input impedance and creating the mismatch loss. The 45° unit cell exhibits less than 1.1 
dB insertion loss, greater than 17 dB return loss, and 38±5° phase shift between 22 GHz 
 
Profile 1
Profile 2
 
                (a)                                        (b) 
 
                   (c)                                       (d) 
Fig. 4-12  (a) Micrograph of 22.5° basic cell with faux switches in through state (b) profile of the 
series and shunt switch along the cut. Measured (solid), and 3D electromagnetics simulated (dashed) 
(c) insertion phase (S21) and (d) insertion loss (|S21|) and return loss (|S11|) of the 22.5° unit cell. 
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and 26 GHz. We can see that the insertion loss value is almost 2 times higher than the 
expected designed value. The main reason for this extra loss is 60% extra switch loss as 
well as the extra 13% loss due to the switch curvature which in total causes extra 73% 
insertion loss. Moreover, there are extra loss due to bad actuation of shunt switch in the 
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Profile 2
 
                  (a)                                     (b) 
 
                   (c)                                       (d) 
Fig. 4-13  (a) Micrograph of 45° basic cell with faux switches in through state (b) profile of the series 
and shunt switch along the cut. Measured (solid), and 3D electromagnetics simulated (dashed) (c) 
insertion phase (S21) and (d) insertion loss (|S21|) and return loss (|S11|) of the 45° unit cell. 
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delayed state as well as 15% smaller MIM capacitance which contribute to the rest of 
extra loss. 
Fig. 4-14 shows the micrograph of the 90° unit cell. As it can be seen from Fig. 4-14 
(b) the shunt switch is buckled up by over 0.1 µm while the series switch is buckled 
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                 (a)                                      (b) 
 
                   (c)                                       (d) 
Fig. 4-14  (a) Micrograph of 90° basic cell with faux switches in through state (b) profile of the series 
and shunt switch along the cut. Measured (solid), and 3D electromagnetics simulated (dashed) (c) 
insertion phase (S21) and (d) insertion loss (|S21|) and return loss (|S11|) of the 90° unit cell. 
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down by over 0.2 µm which reduces the insertion loss in delayed state. It also influences 
the performance of the through state by deviating the input impedance and creating the 
mismatch loss. The 90° unit cell exhibits less than 1.1 dB insertion loss, greater than 13 
dB return loss, and 92±2° phase shift between 22 GHz and 26 GHz. We can see that the 
insertion loss value is almost 2 times higher than the expected designed value. The main 
reason for this extra loss is 60% extra switch loss as well as the extra 19% loss due to the 
switch curvature which in total causes extra 79% insertion loss. Moreover, there are extra 
loss due to the 15% smaller than expected MIM capacitors and on-capacitance of the 
switches which increases the insertion loss in the through state and causes the frequency 
shift. 
Fig. 4-15 shows the micrograph of the 180° unit cell. As it can be seen from Fig. 
4-15 (b) the shunt switch is buckled down by over 0.18 µm while the series switch is 
buckled down by over 0.21 µm which increases the insertion loss in delayed state. It also 
influences the performance of the through state by deviating the input impedance and 
creating the mismatch loss. The 180° unit cell exhibits 170±12° phase shift with less 
than 1.8 dB insertion loss, and better than 18 dB return loss between 22 GHz and 26 
GHz. We can see that the insertion loss value is almost 1.8 times higher than the expected 
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designed value. The main reason for this extra loss is 60% extra switch loss as well as the 
extra 18% loss due to the switch curvature which in total causes extra 78% insertion loss. 
Note that, there are extra loss due to the 15% smaller than expected MIM capacitors and 
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                   (c)                                       (d) 
Fig. 4-15  (a) Micrograph of 180° basic cell with faux switches in through state (b) profile of the 
series and shunt switch along the cut. Measured (solid), and 3D electromagnetics simulated (dashed) 
(c) insertion phase (S21) and (d) insertion loss (|S21|) and return loss (|S11|) of the 180° unit cell. 
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on-capacitance of the switches which influences the mismatch loss and increases the 
insertion loss in the through state and causes the frequency shift. 
4.3.3 Multi-bit Phase Shifters with Faux Switches 
After evaluating the source of extra insertion loss in individual basic phase shifter 
cells by using their measured optical profiles, these basic cells were cascaded in the ADS 
circuit simulator to evaluate their performance with faux switches and separate the loss 
from bad actuation from the intrinsic loss of the circuit. In this regard, first a 2-bit phase 
shifter with real switches was measured when the switches are suspended, i.e. both of 
states delaying, then the results compared with the circuit-simulator cascaded 2-bit phase 
shifter comprised of 180° and 90° in the delayed states. The delayed state was selected 
because it is independent of switch actuation for 180° and 90° with symmetric switch 
actuation topology. The 500-µm-long 50-Ω coplanar waveguide was inserted between the 
90° and 180° unit cells in circuit simulator to imitate the actual phase shifter. Fig. 4-16 
confirms that the individual unit cells’ performance can be cascaded in circuit simulator 
to estimate the performance of multibit phase shifter accurately. Therefore, the results for 
the ADS-cascaded phase shifters is reported in the following part.  
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Fig. 4-17 shows the performance of the 2-bit phase shifter. Even in the worst case 
across the band of 21−26 GHz, the root-mean-square phase error of the present 2-bit 
phase shifter is less than 13°, the insertion loss is less than 2.7 dB, and the return loss is 
greater than 12 dB. The loss is 1.5 times higher than the designed value and there is 3 
GHz of downward frequency shift. The main reason for this is 50% extra loss of the 
 
                     (a)                                         (b) 
Fig. 4-17  ADS-cascaded (a) insertion phase (S21) and RMS phase error and (b) insertion loss (|S21|) 
and return loss (|S11|) of the 2-bit phase shifter. 
 
 
                    (a)                                         (b) 
Fig. 4-16  (a) Measured (solid), and ADS-cascaded (dashed) (a) insertion phase (S21) and return 
phase (S11) and (b) insertion loss (|S21|) and return loss (|S11|) of the last state of the 2-bit phase shifter. 
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conductors and substrate, and the main reason for the frequency shift is 15% less 
capacitance value for both MIMs and switches. There is a 500-µm-long 50-Ω coplanar 
waveguide which shows only 50% extra loss due to conductivity and substrate loss 
changes. The extra loss were canceled by coupling between basic cells and the impedance 
match, so the overall insertion loss is only 50% over the designed value. 
Fig. 4-18 shows the performance of the 3-bit phase shifter. Across frequency range 
of 21.5-24.5 GHz, root-mean-square phase error of the present 3-bit phase shifter is less 
than 14°, the insertion loss is less than 3.4 dB, and the return loss is greater than 12 dB. 
With further optimization of the switches and CPW structure to minimize the radiation 
loss of individual bits, the overall insertion loss of 3-bit phase shifter can be reduced well 
over 1dB. The loss is 1.7 times higher than the designed value and there is 3 GHz of 
 
(a)                                         (b) 
Fig. 4-18  ADS-cascaded (a) insertion phase (S21) and RMS phase error and (b) insertion loss (|S21|) 
and return loss (|S11|) of the 3-bit phase shifter. 
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downward frequency shift. The main reason for the extra loss is 60% extra loss of the 
switches and the main reason for the frequency shift is 15% less capacitance value for 
both MIMs and switches. There is no extra transmission line in this case to reduce the 
loss and as a matter of fact there is even some further loss because of smaller than 
expected capacitance values. Also there is some contribution due to 0.1-0.2 µm 
down-buckling of the switches which adds the insertion loss to 1.7 times of expected 
value. 
According to the results obtained from 3-bit phase shifter, the present design requires 
tighter manufacturing tolerance to work properly. Considering the immaturity of RF 
MEMS technology, the most important achievement in this work is decreasing number of 
required MEMS switches for a phase shifter that directly impact yield and reliability. 
Nevertheless, the multibit phase shifters with faux switches show the proof of principle 
for the present design and show that the present design can be well compared to the other 
state of the art MEMS phase shifters as listed in Table 4-2.  
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Table 4-2  Summary of State-Of-The-Art MEMS Phase Shifters 
Year 2003 2004 2006 2008 2013 2016 
Reference [8] [9] [10] [11] [12] This Work 
Design Switched 
Line 
Loaded Line Slow Wave 
High/Low- 
Pass 
DMTL High/Low-
Pass 
Variable ℓ C L, C C C C 
Dispersion Linear Linear Linear Low Low Low 
Bandwidth (GHz) 1−20  75−110  1−50  8−12  29-30  21.5-24.5 
Resolution 4 bits 3 bits 2.5 bits 5 bits 3 bits 3-bits 
RMS Error   < 6° < 10° <4° < 14° 
Insertion Loss < 4 dB < 6 dB < 1.4 dB < 9 dB < 7 dB < 3.4 dB 
Return Loss > 10 dB > 10 dB > 21 dB > 10 dB > 8 dB > 12 dB 
SPST Switches 16 28 50 20 32 6 
Size 21 mm2 10 mm2 12 mm2 9 mm2 64 mm2 5.3 mm2 
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Chapter 5 Conclusions 
5.1 Conclusions of This Dissertation 
This dissertation studies design, implementation, characterization and modeling of 
novel metamaterial-based low-dispersion multibit phase shifters that use 
single-pole-single-throw MEMS capacitive switches to switch between right-handed 
(low-pass) and left-handed (high-pass) states for the specified phase shift. 
Three-dimensional finite-element electromagnetic simulation was used to design the 
basic unit cells. Each phase shifter unit cell is based on a coplanar slow-wave structure 
with defected ground and uses two MEMS switches in series and parallel configurations. 
In this dissertation, for the first time, we enhanced the maximum achievable phase shift 
of metamaterial-based MEMS phase shifter unit cell from 45° to 180°.  
Thanks to our novel 180° unit cell design, for the first time, the number of required 
MEMS switches for multibit phase shifter was reduced to two times of bits count such 
that a 3-bit phase shifter requires only six MEMS switches.  For 2-bit and 3-bit phase 
shifters fabricated on a 600-µm-thick sapphire substrate, a relatively flat phase shift was 
obtained across the band of 21.5‒24.5 GHz so that the root-mean-square phase error was 
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reduced to below 14°. Across the same frequency band, the present 2-bit and 3-bit phase 
shifters have less than 2.7 dB and 3.4 dB insertion loss, respectively.  
Accurate modeling and electromagnetic simulations were performed to characterize 
the beyond expectation insertion loss sources. The loss is mainly due to 
higher-than-expected switch loss because of extra ohmic loss, extra substrate loss and 
smaller than expected airgap of the switch. Furthermore, there is more loss associated 
with the non-flat membrane as well as radiation loss. This can be further reduced by 
optimizing the MEMS switch and the coplanar waveguide. Nevertheless, the present 
design principle appears to be sound and can lead to phase shifters with high 
performance, yield and reliability with low cost for electrically large phased-array 
antennas. 
5.2 Recommendation for Future Study 
The main recommendation for the future studies can be improvement on the MEMS 
switch actuation and insertion loss. Also, an optimized fabrication process can improve 
the reliability. As shown in chapter 4, there are narrow arms of the stationary electrode in 
the shunt switch that causes large conduction loss. This can be easily improved and 
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optimized by widening those arms, however it should be done carefully because it adds 
extra unactuated state capacitance, Coff. Moreover, the substrate loss can be reduced by 
using thinner substrate. From chapter 2, it was evident that the novel 180° has the greatest 
loss among the phase shifter unit cells. Our HFSS simulations in Fig. 5-1 shows that there 
are room for over 33% reduction of its insertion loss by thinning the substrate and 
  
                      (a)                                     (b) 
 
                   (c)                                       (d) 
Fig. 5-1  Layout of (a) present, and (b) improved 180° unit cell. Present (dashed) and improved (solid) 
(c) insertion phase (S21) and (d) insertion loss (|S21|) and return loss (|S11|) of the 180° unit cell. 
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modifying the series switch such that more filed being confined in the through state. 
Number of switches play a critical role in the insertion loss of the present design. 
Revisiting the design principles of the high-pass/low-pass filters [1], shows that it is 
possible to design a low-pass/high-pass structure by using only one MEMS switch as 
shown in Fig. 5-2. The switch can be replaced by temperature independent switch. In this 
design, we ignored the losses to simplify the calculations. In the high-pass (left-handed) 
case, switch is unactuated so the shunt capacitor, CSH is small and the shunt path is 
  
                      (a)                                        (b) 
         
-jXN-jXN
-jBN
                 
jXNjXN
jBN
 
                    (c)                                        (d) 
Fig. 5-2  (a) Layout, and (b) equivalent circuit model of a single switch MEMS phase shifter. (c) 
Through, and (d) delayed state. 
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inductive. In this case, RF signal can go through. In the low-pass (right-handed) case, 
switch is actuated so the shunt capacitor, CSH is large and the shunt path is capacitive. 
Also since the series capacitor, CS is large the series path is inductive. Whether this 
design is valid or not, detailed study and control experiments are needed. 
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